The formylglycine (FGly)-generating enzyme (FGE) uses molecular oxygen to oxidize a conserved cysteine residue in all eukaryotic sulfatases to the catalytically active FGly. Sulfatases degrade and remodel sulfate esters, and inactivity of FGE results in multiple sulfatase deficiency, a fatal disease. The previously determined FGE crystal structure revealed two crucial cysteine residues in the active site, one of which was thought to be implicated in substrate binding. The other cysteine residue partakes in a novel oxygenase mechanism that does not rely on any cofactors. Here, we present crystal structures of the individual FGE cysteine mutants and employ chemical probing of wild-type FGE, which defined the cysteines to differ strongly in their reactivity. This striking difference in reactivity is explained by the distinct roles of these cysteine residues in the catalytic mechanism. Hitherto, an enzyme-substrate complex as an essential cornerstone for the structural evaluation of the FGly formation mechanism has remained elusive. We also present two FGE-substrate complexes with pentamer and heptamer peptides that mimic sulfatases. The peptides isolate a small cavity that is a likely binding site for molecular oxygen and could host reactive oxygen intermediates during cysteine oxidation. Importantly, these FGE-peptide complexes directly unveil the molecular bases of FGE substrate binding and specificity. Because of the conserved nature of FGE sequences in other organisms, this binding mechanism is of general validity. Furthermore, several disease-causing mutations in both FGE and sulfatases are explained by this binding mechanism.
S
ulfatases catalyze the hydrolysis of sulfate esters such as glycosaminoglycans, sulfolipids, and steroid sulfates in eukaryotic cells. The key catalytic residue in sulfatases is a unique formylglycine (FGly), which is generated from a cysteine precursor (Fig. 1a ) and functions as a nucleophilic aldehyde hydrate in the initial addition reaction of sulfate ester hydrolysis (1) . Inactivity of individual sulfatases in humans may lead to severe diseases such as mucopolysaccharidoses, metachromatic leukodystrophy, X-linked ichthyosis, and chondrodysplasia punctata. However, a severe reduction or complete lack of all sulfatase activities, termed multiple sulfatase deficiency, originates from mutations in the FGlygenerating enzyme (FGE) (2, 3) .
FGE is localized in the endoplasmic reticulum (ER) and modifies the unfolded form of newly synthesized sulfatases (4, 5) . The generation of FGly from a cysteine residue is a multistep redox process that involves disulfide bond formation and requires a reducing agent (6) and molecular oxygen (J. Peng, B. Schmidt, A. Preusser-Kunze, M. Mariappan, K. von Figura, and T. Dierks, personal communication) but does not require any cofactors or metal ions. Peptides that contain the minimal motif C-[TSAC]-PSR with flanking sequences according to human sulfatases are FGE substrates and are converted to their FGly-containing counterparts with efficiencies that depend on the nature of the flanking sequences (7) . This minimal motif is conserved in all human sulfatases, suggesting a general binding mechanism of substrate sulfatases by FGE.
The details of how O 2 -dependent cysteine oxidation is mediated by FGE are unknown. As a first step toward the elucidation of the molecular mechanism of FGly formation, we have previously determined crystal structures of FGE in various oxidation states (8) . FGE adopts a novel fold with surprisingly little regular secondary structure and contains two structural Ca 2ϩ ions and two permanent disulfide bonds (Fig. 1b) . A third cysteine pair (Cys-336/Cys-341) was revealed by these apo-structures to exist in different oxidation states, being reduced, disulfide-bonded, or chemically modified at Cys-336, clearly establishing the involvement of Cys-336 and Cys-341 in catalysis (8) . Cys-336 and Cys-341 border a groove on the surface of FGE, which we speculated to host the substrate binding site. The catalytic importance of the cysteine residues was further demonstrated by the inactivity of the respective point mutants (8) . However, it remained unknown what structural consequences these mutations imposed on FGE and whether substitution of one cysteine residue would affect the redox activity of the other. In addition, a FGE-peptide complex crystal structure to define the molecular determinants for substrate recognition was lacking.
We describe here crystal structures of the Cys336Ser and Cys341Ser FGE mutants and a structure of wild-type FGE that has been covalently modified with the SH-reactive agent iodoacetamide (IAM). The structural integrity of the cysteine mutants is warranted, and they reveal strongly different redox activities, with Cys-336 being more reactive than Cys-341. More importantly, we present two complex crystal structures of the FGE Cys336Ser mutant covalently bound to pentamer and heptamer peptides derived from arylsulfatase A, which mimic reaction intermediates in the catalytic cycle of FGE. These structures reveal the general binding mechanism of sulfatases by FGE.
Materials and Methods
FGE was produced from HT1080 fibrosarcoma cells and crystallized as described in refs. 7 and 9. Binding of IAM to Cys-341 of FGE was achieved by incubating crystals of FGE in mother liquor (20-25% PEG 4000/0.1 M Tris⅐HCl, pH 8.0-9.0/0.2-0.3 M CaCl 2 ) with 1 mM IAM for 1 d. For the FGE-CTPSR and FGE-LCTPSRA complexes, 181 M FGE was preincubated with a 5-fold molar excess of peptide for 1 h at 4°C before setting up for crystallization. Crystals were cryo-cooled in mother liquor without additional cryoprotectant. All data were collected in-house at 100 K on a mar345dtb image plate detector (MAR-Research, Ham-burg) mounted on either a MicroMax-007 or RU-H3R generator (Rigaku, Tokyo) and reduced with the HKL programs (HKL Research, Charlottesville, VA). This data-collection protocol eliminated radiation damage to the active-site cysteine residues. All structures were determined by molecular replacement with the same starting model (based on PDB entry 1Y1E) devoid of water molecules, alternate conformations, and mutated residues converted to alanine. Refinement was performed with REFMAC5 (10) with the same set of 5% of reflections reserved for R free crossvalidation (11) . Water oxygen atoms were assigned with ARP/WARP (10), visually inspected, and retained if they returned Ͼ1 Aweighted 2mFo-DFc electron density after refinement. The data collection and refinement statistics are summarized in Table 1 . Possible hydrogen bonds, salt bridges, and van der Waals contacts were detected with HBPLUS (12) and CONTACSYM (13) using default parameters. Buried surface areas and surface complementarity coefficients were calculated with MS (14) and SC (10) , respectively. Electrostatic potentials were calculated with APBS (15) and displayed with PYMOL (www.pymol.org). Structure figures were created with BOBSCRIPT (16) and rendered with RASTER3D (17) .
Results
Comparison of Wild-Type and Mutant FGE Structures: Increased Reactivity of Cys-336. The importance of Cys-341 and Cys-336 for catalytic activity of FGE has been demonstrated in vitro by generation of the respective serine mutants, which are inactive for FGly formation (8) . To assess whether these mutations influence the structure of the active site, crystal structures were determined and compared with the reduced wild-type FGE (PDB entry 1Y1I). Superposition of the structures revealed no gross structural changes except in the immediate vicinity of the active site. Small backbone and side-chain adjustments on the order of 0.2 Å compensate for the less voluminous serine compared with the cysteine side chain in the Cys336Ser mutant ( Fig. 1 c and e) . Interestingly, three independently determined structures of the Cys341Ser mutant all revealed the Cys-336 side chain to be fully oxidized to the sulfonic acid (Fig. 1d , Table 1 , and data not shown). Because both mutants were crystallized under identical conditions, this result points to an increased redox activity (more negative potential) of Cys-336 compared with Cys-341.
In an attempt to directly distinguish the relative reactivity of the two cysteines, a crystal structure of wild-type FGE was determined from an IAM-modified crystal (Table 1) . IAM is a strong electrophile that can covalently and irreversibly modify cysteine residues. Clear unbiased electron density for the carboxamidomethyl group was visible at Cys-336 but not at Cys-341 (Fig. 1f ) . The bulky carboxamidomethyl group leads to partial rearrangement of the Tyr-340 and Cys-341 side chains, but similar to the cysteine mutants, no gross structural differences with respect to wild-type FGE are apparent.
The facile oxidation of Cys-336 in the Cys341Ser mutant and the exclusive chemical modification of Cys-336 in wild-type FGE allow the conclusion that Cys-336 is more reactive than Cys-341. This result resonates with the observation that Cys-341 binds the substrate (see below) as it leaves the highly reactive Cys-336 free for the reaction with molecular oxygen as part of the substrate oxidation to FGly.
Covalent Substrate Binding. Previous apo-FGE crystal structures (8) and biochemical data (7) have helped in assigning a putative substrate binding site. A surface representation of FGE shows that the catalytically active Cys-336 and Cys-341 residues are located next to an oval-shaped groove of 20 Å length, 10 Å depth, and 12 Å width (8) (Fig. 2a) . In addition, a photoreactive substrate peptide cross-linked to FGE residue Pro-182 (7), which also is close to this groove (Fig. 2a) . However, further insight into substrate binding by FGE required crystallization of a FGEpeptide complex, where the peptide mimics an unfolded part of the natural sulfatase substrate. Initial efforts focused on cocrystallization of wild-type FGE with arylsulfatase-derived peptides of 5 to 13 residues in length. However, in all cases where crystals were obtained, the resulting structures did not contain bound peptide. Soaking of the FGE crystals with short peptides was also unsuccessful. Either the peptides did not bind to FGE or they were turned over before crystallization of FGE. Consequently, the inactive cysteine mutants offered an avenue to generate a stable FGE-substrate intermediate that would delineate the substrate binding mode and reveal the determinants of FGE substrate specificity.
The cocrystallization trials were repeated by using the FGE Cys336Ser and Cys341Ser mutants and peptides CTPSR and 
where Ii(h) is the ith measurement of reflection h and ͗I(h)͘ is the average value of the reflection intensity.
where F o and F c are the structure factor amplitudes from the data and the model. R free is R cryst with 5% of test set structure factors. § Based on maximum likelihood. ¶ Numbers reflect the percentage amino acid residues in the core, allowed, generous allowed, and disallowed regions, respectively.
LCTPSRA, comprising arylsulfatase A residues 69-73 and 68-74, respectively. Only in case of the Cys336Ser mutant was electron density visible that emerged from the S␥ atom of Cys-341 and stretched into the groove of FGE (Fig. 2c) . Thus, the earlier (8) assignment of the substrate binding site to the groove bordering the Cys-336/Cys-341 pair proved to be correct. No density corresponding to a peptide was visible in three independently determined Cys341Ser structures ( Fig. 1d and data not shown), establishing unambiguously that Cys-341, and not Cys-336, is responsible for substrate binding. The structure obtained from cocrystallization of FGE Cys336Ser with the LCTPSRA peptide includes all salient features of the CTPSR-bound structure and will be described further. The peptide binds at the surface of FGE (Fig. 2b ) in an extended conformation that does not follow any regular secondary structure element. Five residues, CTPSR, are placed into the binding groove and engage in numerous interactions that are described in detail below.
Conformational Changes Associated with Substrate Binding. Superposition of the peptide-containing FGE Cys336Ser structures with four apo-FGE structures (PDB entries 1Y1E, 1Y1F, 1Y1H, and 1Y1I) revealed rms deviations of Ϸ0.2 Å over 272 common C ␣ atoms. Larger conformational changes are limited to the immediate vicinity of the substrate binding site with regions
Ser-336-Tyr-340 and Phe-265-Pro-266 undergoing rigid body backbone shifts of 0.5 Å and 0.4 Å toward the peptide, respectively (Fig. 4 , which is published as supporting information on the PNAS web site). As the Ser-336-Tyr-340 region moves closer toward the binding site due to its tethering to the substrate via a disulfide bond to Cys-341, the Tyr-340 side chain rotates away from the peptide (80°around 1), resulting in a 6.4 Å distance between the apexes of the side chains in apo-FGE and the complex (Fig. 3c ). This change in the side-chain rotamer is the largest difference between the apo-and peptide-FGE structures. The presence of the peptide is also sensed by residues Phe-156, Trp-179, Gln-351, and Asn-352, whose side chains move slightly outwards to accommodate the substrate (Fig. 4) . The magnitude of these side-chain adjustments is on the order of Ͻ0.5 Å, indicating that only minor adjustments are necessary to fit the peptide. When the spheres of hydration in the four apo-FGE structures (see above) are compared, 14 water molecules are present in at least two of these structures, and 8 water molecules are structurally conserved. The 14 water molecules are displaced upon substrate binding, and the peptide satisfies the hydrogen bonding potentials of the FGE side chains lining the groove that were previously held by solvent molecules (Fig.  3a) . Other solvent molecules are rearranged in the complex and form an integral part of the substrate binding pocket (see below). Overall, the small conformational changes in FGE that accompany substrate binding indicate that the substrate binding site is already preformed in apo-FGE and defines a rigid scaffold for the conserved CTPSR motif in sulfatases.
Sequence Specificity of FGE Substrates. The substrate peptide buries 80%, or 498 Å 2 , of its total surface area, which is below the range of 1,600 Ϯ 400 Å 2 typical of protein-protein recognition sites (18) , and resembles more that of strong peptide-MHC interactions (19) . Yet, the apparent affinity of polypeptides for FGE has been estimated to be high with K M values in the 13 nM range (6) . A similarly small area of 680 Å 2 that mediates a high-affinity interaction with a K d value of close to 10 nM has been found in the Rab escort protein 1-geranylgeranyltransferase complex (20) , indicating that small contact areas need not correlate with low affinity. Another hallmark for high-affinity interactions is extensive surface complementarity (21) . The surface of the substrate to FGE has a high S c value of 0.64, where a value of 1 would denote perfect complementarity. This value increases to 0.75 when water molecules are included in the calculation, showing that solvent strongly contributes to the good fit of substrate and enzyme and, thus, constitutes an important part of the substrate recognition by FGE. The high surface complementarity between substrate and FGE results in a total of 50 van der Waals contacts and 24 hydrogen bonds, half of which are water-mediated ( Fig. 3a and Table 3 , which is published as supporting information on the PNAS web site). Thus, the main roles of water in the FGEsubstrate complex are shaping of the binding site and providing additional binding energy for the substrate. This importance of water is in contrast to the paucity of peptide main-chain interactions with FGE: Of the 12 direct hydrogen bonds, only 4 are formed by peptide main-chain atoms, stressing the importance of the side chains for determining substrate specificity (Table 3) . In cases where substrate-contacting residues are not conserved, they are substituted by residues of similar size and chemical properties in homologous FGEs. For instance, Asp-154 is an asparagine in sea urchin FGE, and Ala-176 and Gln-351 are serine and glutamic acid, respectively, in FGE from tunicates.
Apart from forming the disulfide bond with Cys-341, Cys-P69 (P denotes peptide substrate residues, the numbering is according to arylsulfatase A) also entertains a hydrogen bond with the side chain of Asn-360. The next residue in the substrate, Thr-P70, can also be Ala, Cys, or Ser in sulfatases. This degeneracy is surprising because the Thr-P70 side chain points down into the groove, which would anticipate specific interactions between this side chain and FGE. However, there are no van der Waals interactions of the Thr-P70 side chain and only a single hydrogen bond with Asn-360. The paucity of Thr-P70 interactions thus explains the observed sequence variation at this position. Most important for substrate specificity is Pro-P71, which binds in a pocket formed by the conserved FGE residues Phe-156 and Trp-180 (Fig. 2c) , and also to Ala-176, resulting in 25 van der Waals contacts. The side chain of Ser-P72 points upwards from the binding site and hydrogen bonds with Asn-352 and Thr-353. Interestingly, there is no sequence variation among sulfatases in this position, although space and hydrogen bonding requirements would allow other small side chains as in the case of Thr-P70. Similarly, in the folded sulfatase Ser-P72 forms only one hydrogen bond so its strict conservation remains unexplained. The guanidinium group of Arg-P73 is fixed by a strong charged hydrogen bond to Asp-154 and three additional hydrogen bonds to the carbonyl groups of Asp-154 and Asp-355, and the O ␥ atom of Ser-357 (Fig. 3a) . The use of the full hydrogen bonding potential of Arg-P73 discriminates against the other positively charged residues histidine and lysine, which are not observed in sulfatases at this position (Table 2) .
In summary, two major strategies for conferring substrate specificity are apparent from the FGE-substrate complexes: Pro-P71 binds with high surface complementarity into a hydrophobic pocket provided by Phe-156 and Trp-180, and Arg-P73 displays electrostatic complementarity by neutralizing the charge of Asp-154. These few but strong side-chain interactions provide the structural basis for conservation of the minimal modification sequence among the sulfatases.
A General Sulfatase Binding Mode. Inspection of the unbiased electron density (Fig. 2c) for the peptide reveals that only the central CTPSR sequence has defined electron density, whereas the N-terminal Leu-P68 and the C-terminal Ala-P74 residues are poorly defined, probably because of increased mobility. Residue Ala-P74 was excluded from the final model, but the electron density was clear enough to assign the amide nitrogen atom for this residue (Fig. 3a) . Both terminal residues point up and away from the body of the FGE molecule. Their disposition and increased flexibility are congruent with the limitation of FGE recognition to a short sequence motif while the rest of the sulfatase sequence is irrelevant for FGly formation (Fig. 3b) but rather influences the turnover rate of the substrate (7). The elongated binding mode is further evidence that sulfatase modification in the ER occurs before folding (1) . The in vivo complex between FGE and authentic sulfatase should therefore include properties reminiscent of chaperones, prolyl isomerases, or protein disulfide isomerases bound to their unfolded substrates.
Mechanistic Implications. The peptide connects to FGE via a disulfide bond between FGE Cys-341 and the FGly precursor Cys-P69. Formation of this disulfide bond generates a small cavity of 32 Å 3 that is buried between Ser-336 (catalytically active Cys-336 in wild-type FGE) and the disulfide bond (Fig. 3c) . In previous FGE crystal structures, this space was occupied by a putative sulfenic acid or a peroxide moiety at Cys-336 (8) . The size and location of this cavity fit the requirement for the essential oxygen molecule during catalysis (J. Peng, B. Schmidt, A. Preusser-Kunze, M. Mariappan, K. von Figura, and T. Dierks, personal communication), which is then close to all three cysteine residues of FGE and the substrate and is also shielded from bulk solvent. In both FGE-peptide complexes, this cavity is occupied by a Cl Ϫ ion, which is defined by a 3.5 peak in an anomalous difference map (data not shown) and which has not been observed in any apo-FGE structure. The Cl Ϫ ion is hydrogen-bonded to the side chains of Trp-299, Ser-333, Ser-336, and water molecule S207 (Fig. 3c) . Ca 2ϩ as alternative ion at this position was excluded based on coordination geometry and electrostatic potential considerations in apo-FGE, which displays a positive patch at the location of the catalytically active cysteine pair (Fig. 2 b and c) , in line with binding of a negatively charged Cl Ϫ . Halide ions display some degree of hydrophobicity, which is also true for molecular oxygen. The small cavity may represent the catalytic volume that is closed off by the disulfide bond and which will contain the reactive oxygen species that are likely formed from molecular oxygen by FGE (8) . The question as to the activation of molecular oxygen by FGE in the absence of cofactors may be answered by the conserved Trp-299 residue, which could act as a molecular oxygen sensitizer to produce a Cys-336-hydroperoxide from O 2 and water molecule 207. Oxygen sensitization by tryptophan residues has also been implicated in the antibody-catalyzed reduction of O 2 by water to produce H 2 O 2 (22) . Several other cofactor-free oxygenases such as the quinone-forming monooxygenases and dioxygenases involved in the degradation of quinolines (23) conserve histidine residues in their active sites and might similarly rely on this mode of O 2 activation.
Discussion
FGE executes the limiting step in the activation of all sulfatases. The mechanism of FGly formation by this unique enzyme is still ill understood, most notably because of the absence of redoxactive cofactors and metal ions, which implies a novel oxygenase mechanism. Our findings establish that the catalytically active cysteine residues display strongly different redox activity. Both cysteines are involved in redox reactions. Whereas Cys-341 covalently binds to the substrate via a disulfide bond, Cys-336 must react with molecular oxygen as a first step in the introduction of an oxygen atom into the substrate cysteine. The reaction with molecular oxygen may require the observed increase in activity of Cys-336, whereas occlusion of a small reaction volume by the newly formed disulfide bond (Fig. 3c) prevents overoxidation, and thus inactivation, of Cys-336.
Most importantly, the FGE-peptide complexes described here delineate the general substrate binding mode used by FGE for all human sulfatases during their maturation. The binding of the central CTPSR sequence into pockets of high surface and electrostatic complementarity has elements of the mode of peptide binding by class I MHC molecules (24) . Because of the high sequence conservation of the modification motifs also in prokaryotic sulfatases, FGEs from all kingdoms of life will bind their substrates similarly, and the mechanism of FGE-mediated FGly formation is universal. The FGE substrate binding site displays exquisite sensitivity to alterations in the sulfatase sequence as seen by scanning mutagenesis (25) and by natural mutations in human sulfatases ( Table 2 ) that lead to mucopolysaccharidoses. As the mutated sulfatases most likely fail to bind to FGE and are therefore not modified, these diseases further cement the notion that the five residues of the C-[TSAC]-PSR motif are necessary and sufficient for specific FGE-sulfatase interaction. For instance, the second residue in this motif has a small side chain and mutation to the larger side chains methionine in arylsulfatase B (26) or leucine in N-acetylgalactosamine-6-sulfatase leads to Maroteaux-Lamy syndrome or Morquio A syndrome, respectively. Apparently, a larger side chain at the position after the modified cysteine residue is only tolerated in iduronate sulfatase, where the A85T mutation (27) leads to only a mild form of Hunter syndrome. The importance of the shape complementarity between the pocket formed by FGE residues Phe-156 and Trp-180 and the conserved proline residue in the C-[TSAC]-PSR motif is brought out by three mutations in iduronate sulfatase, where this residue is mutated to leucine (28) , glutamine (29) , or arginine (30) with intermediate to severe forms of Hunter syndrome. The conserved arginine residue of the C-[TSAC]-PSR motif has been found mutated to glutamine in arylsulfatase B (29) , cysteine (31) or histidine in sulfamidase, or cysteine (27) , histidine (28) , leucine (29) , or proline (28) in iduronate sulfatase. All mutations lead to intermediate or severe forms of mucopolysaccharidoses, stressing the importance of this arginine for FGE recognition.
Because FGly formation is a reaction before protein folding, any protein sequence complying with the C-[TSAC]-PSR motif that enters the ER should be a substrate for FGE. A database search using this motif yielded 15 non-sulfatase entries, of which 9 were functionally annotated. Among the annotated entries were cytoplasmic proteins such as kinesin-like protein KIF14, CDK5 regulatory subunit-associated protein 2, centrosomelocalized kendrin, the phosphotyrosine-interacting protein APBA2, the RNA binding protein regulator of differentiation 1 (Rod1), and the Ca 2ϩ -dependent activator protein for secretion CTPSR  T92M  N360  26  R95Q  A149, F152, D154,  D355, S356, S357   29   SGSH  CSPSR  R74C͞H  See ARS B R95Q  31, -GALNS  CSPSR  S80L  N360  -IDS  CAPSR  A85T  N360  27  P86L͞Q͞R  F156, A176, W180  28, 29, 30  S87N  F156, N352, T353  36  R88C͞H͞L͞P  see ARS B R95Q  27, 28,  29, 28 Mutated residues in the modification motifs are underlined. The residue numbering follows the respective sulfatase. ARS B, arylsulfatase B; SGSH, sulfoglucosamine sulfamidase; GALNS, N-acetylgalactosamine-6-sulfatase; IDS, iduronate 2-sulfatase.
(CADPS). Another class of molecules containing the FGly determination sequence comprises the mitochondrial thioredoxin reductase, oxidoreductase EALL419, and the selenoprotein Zf2. Given their cytoplasmic or mitochondrial localization, none of these proteins is likely to traverse the ER, rendering a possible FGly residue unlikely. However, little is known about these proteins, and it cannot be excluded that another function for FGly than in sulfatases may exist.
Similar to FGE, its paralogue pFGE is located in the ER and possibly involved in sulfatase maturation (32) . pFGE shares 50.6% sequence identity with FGE and adopts a very similar structure (33) . However, because of a lack of the catalytic cysteine residues, pFGE has no FGly generating activity, which raises the question as to its biological function. Recently, FGE/ pFGE homo-and heterodimerization has been observed by coimmunoprecipitation of the proteins from transfected Cos7 cells (34) . In addition, this study reported a trimolecular complex of FGE, pFGE, and sulfatase. Superposition of pFGE and the FGE-peptide complex structures revealed that pFGE could bind sulfatases in a similar mode to FGE because there are no steric conflicts between the FGE-bound peptide and pFGE. Most residues contacting the peptide in the FGE complexes are conserved in pFGE. Notable exceptions are tryptophan at FGE position Asp-154 and alanine at position Ser-357. An appealing mode of dimerization for both FGE and pFGE was inferred by the presence of a dimer in the crystal structure of pFGE (33) . However, in this dimer the peptide binding groove is occluded by a face-to-face binding of pFGE. A lysine residue of pFGE is in the same position as Arg-P73 in the FGE-LCTPSRA complex, excluding a ternary complex with this pFGE/FGE geometry. If such a ternary complex exists, it is predicted to have a different pFGE/FGE disposition than that of the pFGE dimer. Further structural and biochemical studies are required to fully assess the potential complex formation of FGE, pFGE, and sulfatases.
Multiple sulfatase deficiency is a rare disease with, so far, only 18 different described missense mutations that are distributed over 32
patients. An analysis of the potential effect of these mutations on the FGE structure was done previously but left two mutants, Ala177Pro (35) and Trp179Ser (8) , largely uncharacterized because these residues are located in a loop region close to the substrate binding site. The FGE-peptide complex structures confirm that positions 177 and 179 are indeed close to the bound peptide (Figs.  3a and 4) . Trp-179 is engaged in a water-mediated hydrogen bond that would be destroyed by mutation to serine. Likewise, although Ala-177 is not in direct contact with the substrate peptide, Ala-176 does form six van der Waals contacts with Pro-P71 ( Table 3 ). The Ala177Pro mutation could alter the conformation of the neighboring residues and abrogate the Ala-176 contacts with the substrate. Although no data exist on the Trp179Ser mutant, the phenotype of the Ala177Pro mutant is mild (35) , indicating that proper contacting of the substrate by adjoining loop regions is important albeit not indispensable for FGly formation.
In summary, the trapped FGE-substrate intermediate analogue together with the structures of the inactive cysteine mutants described here define important cornerstones in the structural delimitation of the catalytic cycle of FGE. The putative reaction volume isolated by formation of the disulfide bond between FGE and substrate opens the possibility of a binding site for molecular oxygen, which would poise it for reaction with Cys-336. High sequence conservation and natural mutations in the sulfatase modification motif leading to mucopolysaccharidoses emphasize the conserved binding mode of FGE and sulfatases. This conservation is also underscored by natural FGE mutants near the substrate binding site that lead to multiple sulfatase deficiency. Based on the results presented here, structural analysis of FGE mutants and reaction intermediates should lead to a full description of this novel oxygenase mechanism.
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